Traits under relaxed selection are expected to become reduced or disappear completely, a process called vestigialization. In parthenogenetic populations, traits historically involved in sexual reproduction are no longer under selection and potentially subject to such reduction. In Leptopilina clavipes, thelytokous (parthenogenetic) populations are infected by Wolbachia bacteria. Arrhenotokous populations do not harbor Wolbachia. When antibiotics are applied to infected females, they are cured from their infection and males arise. Such males are capable of producing offspring with uninfected females, but with lower fertilization success than sexual males. This can be attributed to the lack of selection on male fertility in thelytokous lines. In this study we used this variation in L. clavipes male fertility to determine the genetic basis of this trait. Males from cured thelytokous populations were crossed to females from uninfected populations. Using AFLP markers, a genetic linkage map was generated, consisting of five linkage groups and spanning a total distance of 219.9 cM. A single QTL of large effect (explaining 46.5% of the phenotypic variance) was identified for male fertility, which we call male fertility factor (mff ). We discuss possible mechanisms underlying the effect of mff, as well as mechanisms involved in vestigialization of traits involved in sexual reproduction.
V ESTIGIALIZATION of traits has been reported
tions, traits involved in sexual reproduction are no longer under selection and thus potentially subject to in a wide variety of organisms, such as the eye reducvestigialization. Decay of female courtship traits was first tion found in cave-dwelling fish (Astyanax fasciatus; Wilreported in parthenogenetic strains of Drosophila mercakens 1988) and in mole rats (Spalx ehrenbergi; Nevo torum (Carson et al. 1982) . Flies of the parthenogenetic 1991) or the reduction of wings in some birds found on strains showed a reduced mating propensity when islands where predators are absent and food is abundant mated to conspecific males, compared to females of (McNab 1994) . Two distinct classes of mechanisms are sexual strains. Although the accumulation of mutations proposed to explain the reduction in traits (that at some in genes coding for female sexual behavior was propoint renders them nonfunctional). Most explanations posed as the explanation in this example (Carson et consider trait loss to be an adaptive process that involves al. 1982), indirect selection as a consequence of energy indirect selection. This occurs as a consequence of aneconomy or antagonistic pleiotropy cannot be ruled out. tagonistic pleiotropy; the redundant trait is reduced A special case of parthenogenesis occurs when it is through selection on a correlated trait, for instance, induced by intracellular bacteria of the genus Wolbachia via resource allocation (Fong et al. 1995) . The other (␣-proteobacteria). Parthenogenesis-inducing (PI) Wolmechanism that has been proposed does not require bachia are restricted to species with haplodiploid sex adaptive evolution and involves the random accumuladetermination (Huigens and Stouthamer 2003) , as tion of mutations in genes coding for traits that are no occurs in the arthropod groups of Hymenoptera, Thysalonger actively maintained by selection (Muller 1949) . noptera, Coleoptera, and Acari (Wrensch and Ebbert Characters under relaxed selection are expected to 1993). The most common mode of haplodiploid reprobecome reduced or even disappear completely (Fong duction is arrhenotoky where males develop from unferet al. 1995) . In parthenogenetically reproducing populatilized haploid eggs and females from fertilized diploid eggs. In thelytoky or parthenogenesis, females develop from unfertilized eggs and there are no males (White 1 Females infected by PI Wolbachia can be cured from linked to male fertilization capacity. The results are discussed in the light of the two proposed mechanisms for their infection by high temperature or antibiotic treatment (Stouthamer et al. 1990 ). This results in the vestigialization. production of males from unfertilized eggs. In most cases, however, these males are sexually not fully func- MATERIALS AND METHODS tional (e.g., Zchori-Fein et al. 1992 Pijls et al. 1996; Gottlieb and Zchori-Fein 2001 that occurs in Western Europe (Nordlander 1980) . Curing experiments and crosses were done using Drosophila
In northwestern Europe, populations of L. clavipes are subobscura as a host. The fly larvae were reared on a patch of thelytokous (Driessen et al. 1990) , which is Wolbachia live baker's yeast (S. cerevisiae) suspension on a medium of induced (Werren et al. 1995; Schidlo et al. 2002) . Recently, uninfected arrhenotokous individuals were Antibiotic treatment: To induce male offspring from the found in Spain (Pannebakker et al. 2004b) . Previous thelytokous line, infected females were cured from their Wolexperiments have shown that antibiotic curing of inbachia infection using antibiotics applied in honey (0.5% rifected females is possible (Schidlo et al. 2002) . The fampicin) and in the host medium (0.2% rifampicin) as demales from these experimental crosses are capable of the segregation of AFLP markers and to identify QTL was diluted 1:10 in Tris-EDTA (TE) buffer. The selective PCR was performed with primers similar to those used in the preselective reaction, but with extra selective bases at the 3Ј-end (Table 1) . On the basis of their level of polymorphism, three primer combinations for the EcoRI/MseI enzymes and one for the HindIII/HhaI enzymes were used in the selective PCR amplification (Table 1) . The EcoRI and HindIII primers were fluorescently labeled for subsequent gel analysis. For selective PCR amplification, a touchdown reaction was used with 94Њ for 5 sec, 65Њ for 30 sec, and 72Њ for 2 min, followed by 8 cycles in which the annealing temperature was lowered to 56Њ in 1Њ steps. This was followed by 24 cycles at an annealing temperature of 56Њ and an extension at 72Њ for 35 min.
PCR products were visualized on 5% Long Ranger polyacrylamide gels (BMA Bio Products, Vallensbaek Strand, Denmark) running on an ABI 377 DNA Sequencer (Applied Biosystems). Data were processed using GENESCAN 3.1 (Applied Biosystems) software. Samples were visually checked for correct aligning of the size standard and corrected if necessary. The fluorescent profiles were imported into GENOGRAPHER 1.60 software (J. J. Benham; http:/ /hordeum.oscs.montana.edu/genographer) and presence or absence of fragments was scored between 50 and 500 bp.
Linkage analysis: The analysis was based on 72 recombinant F 2 males originating from eight F 1 females. JoinMap (version 3.0; Van Ooijen and Voorrips 2001) software was used to analyze the data and to generate a linkage map. Mendelian segregation (i.e., 1:1 ratio for a haploid mapping population) Figure 1 .-Crossing scheme used in this study. An antibiof the markers in the F 2 population was tested using the 2 test otic-induced male from the thelytokous line KBH-NL00 is implemented in JoinMap. Markers showing highly significant crossed to a female from the arrhenotokous line DC-E00. Six segregation distortion (P Ͻ 0.001) were excluded from linkage virgin hybrid F 1 females produced the recombinant F 2 males analysis. (n ϭ 72), which were phenotyped by crossing each male with Grouping of the markers was done using a minimum logaa virgin arrhenotokous female from DC-E00.
rithm of odds (LOD) score of 2 and a maximum recombination fraction of 0.400 as thresholds. Kosambi's mapping function (Kosambi 1944) was used to translate recombination Male reproductive system: Reproductive tracts from 15 fractions into map distances (in centimorgans). Linkage males of the KBH-NL00 line and 15 males of the DC-E00 line groups were visualized using MapChart (version 2.1; Voorrips were visually inspected for abnormalities and viable sperm 2002). presence in the testes and seminal vesicles. The reproductive QTL analysis: Complete data (i.e., sex-ratio and molecular tracts were dissected in Insect Ringers and observed using data) were available for 60 F 2 males. Together with the linkage a Nikon TS100-F phase-contrast microscope (Melville, NY). map based on the complete set of 72 F 2 males, these data Photographs of representative reproductive tracts were taken were analyzed using Windows QTL Cartographer (version 2.0; using a Nikon TS100-F phase contrast microscope and a Nikon
Wang et al. 2001-2003) . Two types of interval mapping analysis CoolPix 4500 digital camera.
were done: interval mapping (IM; Lander and Botstein DNA isolation: DNA from the parental male and female 1989) and composite interval mapping (CIM; Zeng 1993, and from 72 F 2 males was extracted using a Nucleon BACC2 1994). IM analysis calculates the likelihood ratio of no QTL kit (Amersham Pharmacia Biotech, Buckinghamshire, UK) present vs. QTL present at any position in the interval between according to the manufacturer's protocol. DNA was precipitwo markers or at the markers themselves (Lander and tated in absolute ethanol and washed with 70% ethanol after Botstein 1989; Doerge 2002). The likelihood ratio is exwhich the DNA was dissolved in 25 l sterile water. pressed in the LOD score. The threshold for QTL presence AFLP analysis: Markers were generated using the AFLP was determined by performing 1000 permutations prior to technique (Vos et al. 1995) . In addition to the A/T cutting the analysis corresponding to a genome-wide significance level EcoRI/MseI restriction enzyme combination from the original of 5% (Churchill and Doerge 1994; Doerge and Churchill protocol (Vos et al. 1995) , AFLP reactions were also performed 1996) and was set to a LOD of 2.00. with the combination HindIII/HhaI that cuts at G/C restricIn CIM analysis, the interval containing the QTL affecting tion sites to acquire a more even marker distribution. For the trait is localized and combined with multiple regression each restriction enzyme combination, 7 l of DNA of each on marker loci outside of the interval under consideration individual was restricted and ligated with T4 DNA ligase (New (cofactors) to reduce variation associated with segregating England Biolabs, Beverly, MA) to enzyme-specific adaptors QTL elsewhere in the genome (Zeng 1994; Doerge 2002) . (Table 1) at 37Њ for 2 hr after which the ligase was inactivated
In this way the likelihood of detecting QTL is improved, as by heating for 10 min at 65Њ. The restriction-ligation mixture well as the precision of the estimated map position (Zeng was used as template in the preselective PCR, using the core 1994). The cofactors were chosen by forward selection-backprimers with one selective nucleotide at the 3Ј-end (Table 1) ward elimination stepwise regression, with critical P-values set and AFLP core mix (Applied Biosystems, Foster City, CA) in at 0.01 and a window size of 10 cM to exclude potential cofaca total reaction volume of 15 l. Preselective PCR was done tors tightly linked to the test interval. The significance level under the following conditions: 72Њ for 2 min, 94Њ for 2 min was set to 5% and determined by performing 1000 permutafollowed by 20 cycles of 94Њ for 5 sec, 56Њ for 30 sec, and 72Њ for 2 min. Prior to the selective PCR, the preselective mixture tions prior to the analysis (Churchill and Doerge 1994; 
CoreϩCAT (Hh50) Primer combinations used E32M15, E35M15, E41M15, Hi35Hh50
Doerge and Churchill 1996), resulting in a genome-wide sulted in 55 fragments that were polymorphic between LOD threshold of 2.27.
the two parental lines and were used in the linkage analysis. Seven fragments were excluded prior to the analysis because of significant segregation distortion RESULTS ( 2 Ն 10.82, d.f. ϭ 1, P Ͻ 0.01). Another 9 fragments Phenotypic differences: The parental lines differed were identical to other markers and excluded from analsignificantly in sex ratio (F 2,12 ϭ 139.29, P Ͻ 0.0001; ysis because they map at identical positions and thus Table 2, Figure 2 ), whereas the recombinant F 2 males provide no extra information. The final map included 32 showed an intermediate sex ratio. The parental distribu-(82.1%) of the remaining 39 markers, which, at a LOD tions for sex ratio were represented within the F 2 distriof 2.0, grouped into five linkage groups that spanned bution (Figure 2 ). This is consistent with the segregation over 219.9 cM (Figure 4) . The five linkage groups most of one or few genes of large effect on male fertilization likely represent the five chromosomes of L. clavipes capacity and contrasts with the results from crosses to (Pannebakker et al. 2004a) . The average distance be-F 2 in other systems (e.g., Fishman et al. 2002) . No differtween markers was 6.9 cM. Four of the five linkage ences were observed between the male reproductive groups did not split further until LOD 5.0; linkage tracts from the parental lines. Viable sperm was found group 4, however, did split into two groups at LOD in the seminal vesicles and testes of both parental lines 3.0 (Figure 4 ). In the final map, 7 markers (17.9%) (Figure 3) . remained unlinked.
QTL analyses:
The IM analysis for male fertility (sex Linkage analysis: Four AFLP primer combinations re- ratio) revealed a single genomic region of large effect additional QTL were found to be segregating for male fertility (Table 3, Figure 5 ). (Table 3 , Figures 4 and 5) , explaining 46.5% of the observed phenotypic variance. We call this putative QTL Sex-ratio data are usually binomially distributed (Wilson and Hardy 2002), whereas QTL analysis requires male fertility factor (mff ). The LOD score for this QTL was well above the genome-wide LOD threshold of 2.00 the phenotypic trait to be normally distributed (Lander and Botstein 1989) . Therefore, the analysis was reas determined prior to the analyses by permutation. The same QTL was detected by CIM analysis and no peated after log transformation of the data, which re- sulted in an increase of the LOD scores, but left the of five linkage groups that probably represent the five chromosomes of L. clavipes (Pannebakker et al. 2004a ). position of the QTL unchanged as well as our conclusion that it explained about half of the phenotypic vari-
The total map distance spanned 219.9 cM, which is small compared to those published for other Hymenoptera ance (data not shown). Because the results are not altered by log transformation, only the results of the (Hunt and Page 1995; Antolin et al. 1996; Laurent et al. 1998; Gadau et al. 1999) . Although considerable untransformed data are shown, which allows for a better biological interpretation.
variation in map sizes occurs in the Hymenoptera (Gadau et al. 2000) , the high percentage (17.9%) of unlinked loci indicates that the linkage map of L. clavipes DISCUSSION is not saturated. Increasing the number of markers or repeating the experiment with a larger F 2 mapping Linkage map: Using the advantage of male haploidy would probably increase the size of the linkage map in Hymenoptera, we were able to quickly generate a genetic linkage map for L. clavipes. The map consisted (Liu 1998; Lynch and Walsh 1998). Shown are the position, flanking markers, LOD scores, additive effects, and percentage of explained phenotypic variance.
an effect of small environmental fluctuations. As fertilization behavior and consequently offspring sex ratio in Hymenoptera is under female control (Godfray 1994), environmental fluctuations may have influenced the observed phenotypes. Eliminating these fluctuations will probably reduce variation and thus the phenotypic effect attributable to mff.
Different mechanisms could account for the phenotypic effect of mff. When under relaxed selection in parthenogenetic lines, every male component of the fertilization process is prone to mutation-from spermatogenesis, sperm transfer, surviving the storage in the female spermatheca, and sperm-egg interactions at fertilization to zygotic death after fertilization. Comparison of the reproductive tracts of males induced from parthenogenetic lines with those from uninfected lines revealed no obvious differences in morphology or sperm quantity. Hence, the mechanism underlying the reduced male fertilization capacity is likely to act later in the fertilization process. Examples of genes that may be et al. (1993) classified the phenotype of 14 of 83 mutations as semisterile, i.e., capable of producing a limited number of progeny compared to the wild type QTL analysis: Using the genetic variation generated (comparable to the effect of mff ). Of these semisterile under relaxed selection, we were able to determine the mutants only pointless (ptl) results in a normal reproducpresence of a single QTL with large effect on male tive tract and wild-type levels of motile sperm, but ptl fertilization capacity in L. clavipes. This QTL (mff ) exmales transfer only few or no sperm to the female sperplained 41.5% (CIM)-46.5% (IM) of the phenotypic matheca, yielding low offspring numbers. However, the variance for male fertilization capacity, which is in the total number of mutations known to cause male sterile upper range of detected QTL effects reported (Tanksphenotypes in Drosophila is estimated as up to 1500 ley 1993; Kearsey and Farquhar 1998). However, (Hackstein et al. 2000) , and hence ptl provides only a when using sample sizes comparable to the present study single candidate gene from what is likely to be a substan-(N Ͻ 100), (a) the effects of statistically significant QTL tially larger group. are overestimated, and (b) closely linked QTL with effects
The mechanism underlying the vestigialization of in the same direction can give the appearance of a single traits involved in sexual reproduction can be examined QTL of larger effect (Tanksley 1993; Beavis 1994;  by comparing the QTL involved in loss of sexual funcKearsey and Farquhar 1998; Barton and Keightley tion in males obtained by curing females from other 2002). Thus, although the actual effect of mff is likely infected L. clavipes populations. When loss of sexual to be smaller than observed, reduced male fertilization function is due to antagonistic pleiotropy, males incapacity in L. clavipes can still be assigned to a single duced from other infected populations are expected to genomic region on linkage group 3. It is unclear show a similarly reduced fertilization capacity that is whether a single gene accounts for the effect of mff, induced by a QTL at the same genomic location. This is although several studies have shown that single genes because under antagonistic pleiotropy the loss of sexual can be responsible for QTL of large effect (e.g., Frary function is due to selection on traits that are adaptive in et al. 2000). Furthermore, mutation research in Drothe parthenogenetic strain. When the selection favoring sophila shows no evidence for clustering of genes inthese traits is similar in the different populations, the volved in male fertility, which are, in contrast, distribsame sexual trait is expected to decline in each populauted throughout the genome (Castrillon et al. 1993;  tion. However, when mutation accumulation is the un Hackstein et al. 2000) .
derlying mechanism, different sexual functions should The phenotype of the F 2 males was determined by be corrupted in isolated populations due to the stochasscoring the sex ratio of the offspring resulting from tic nature of the process (Cooper and Lenski 2000). crosses with virgin DC-E00 females. Although the virgin In a controlled laboratory experiment with Escherichia females were genetically similar and the experiment was coli bacteria, Cooper and Lenski (2000) used this approach to show that antagonistic pleiotropy was the done under controlled conditions, we cannot exclude variation generated by vestigialization of sexual function 249-268. 
